Synthesis of large-scale, uniform, easily transferable, and highly crystalline monolayer (1L) molybdenum disulfide (MoS2) on different substrates is a challenge and could decide its suitability for opto-electronic device applications. Herein, we report a facile NaCl-assisted Chemical Vapor Deposition (CVD) synthesis of high-quality MoS2 on amorphous, crystalline and layered substrates. Optical microscopy and Raman spectroscopy show that sapphire and SiO2/Si are suitable substrates for large 1L-MoS2 flakes growth, while mica is excellent for large-area continuous films. Comparatively lesser full-width-at-half-maximum (FWHM) of predominant A exciton peak (which is associated with direct band gap at K point) in photoluminescence spectra of 1L-MoS2 on sapphire suggests its high crystalline quality. However, 1L-MoS2 on other substrates, especially on quartz and bare Si show poor crystalline quality. The study depicts that the NaCl assists in the formation of seeding promoter such as water-soluble layer of Na2S and/or Na2SO4 on the substrate that helps in 2D planar nucleation of MoS2. The formation of such intermediate seeding layers also helps in layer transfer owing to its easy water solubility. The study could be utilized for large-scale synthesis of 1L-MoS2 on different substrates for high-performance optoelectronic devices.
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Introduction
Two-dimensional (2D) materials like transition metal dichalcogenides (TMDs) are attracting tremendous attention because of their extraordinary properties in monolayer (1L) form 1 .
Specifically, molybdenum disulfide (MoS2), a fellow of TMDs, has layer dependent tunable bandgap (1.8 eV for 1L and 1.2 eV for bulk) 2 , high in-plane mobility (40-480 cm 2 /V-s) 3, 4 , and large Seebeck coefficient 5 . This makes 1L-MoS2 suitable contestant for flexible devices 4, 6 , fieldeffect transistors 4, 7 , gas sensors 8 , and photodetectors 9, 10 . Various techniques have been established to synthesize high-quality layered MoS2 on different substrates so far 11 . Among them, conventional Chemical Vapor Deposition (CVD) 12, 13 has been extensively used to grow largescale high-quality uniform crystalline 1L-MoS2 at high temperatures (700-850C). Wu et al. 14 used such vapor-solid method to grow high optical quality 1L-MoS2 on sapphire, SiO2 and glass substrates at 900C. However, such high-temperature synthesis process puts a limit on direct growth on flexible substrates such as mica. A substantial reduction in growth temperature without compromising material quality is a challenge, and hence, attempts are being made to achieve comparatively low-temperature synthesis. 2 . In this regard, the effectiveness of different growth promoters/catalyst to reduce the synthesis temperature are studied. For instance, Gong et al. 15 reported notably reduced-temperature (500 o C) growth of monolayers of WS2 and MoS2 using tellurium as a growth promoter. Moreover, alkali halides such as NaF have shown their potential to lower down the growth temperature for the synthesis of MoS2 films on glass substrates 16 . The study suggested that the crystalline quality of MoS2 was achieved by the formation of an intermediate solution of Na2Sx·MoS2. Another metal halide, NaCl, has been used as a substrate to grow MoS2 layer by Barreau et al. 17 . It discusses the possible formation of intermediate Na2MoS2 compound which is of the same structure as MoS2 and facilitate as a suitable template for 2D planar nucleation. Furthermore, Kim et al. 18 carried out detailed investigations on alkali metal halide (KI or NaCl) assisted growth of MoS2 and suggested that pre-exposing the substrate to alkali metal halides decreases the nucleation density and enhances the 2D planar nucleation process, which eventually enables the growth of larger MoS2 layers. MoS2 flakes synthesized by this method show high crystallinity, high electron mobility (100 cm 2 /V-s) and optoelectronic properties equivalent to conventional CVD grown MoS2 single-crystals. Therefore, it is evident from the literature that the use of alkali metal halides not only help in reduction of growth temperature but also facilitates a template for large-flake MoS2 growth by the formation of intermediate compounds. Though such alkali halides effectively enhance the 2D growth of MoS2 layer on the substrate such as sapphire, but there is a lack of systematic study on different substrates of varying structure (crystalline, amorphous and layered). Moreover, the formation of intermediate compounds is a possible speculation while it lacks the concrete evidence. Therefore, a comparative study on alkali halide assisted growth of MoS2 on different substrates and understanding the formation of intermediate growth promoters are of immense interest to improve the quality of MoS2 flakes, and their potential use in optoelectronics.
In the present work, we focus on NaCl-assisted growth of uniform, highly crystalline 1L-MoS2 films and flakes on amorphous, crystalline, and layered-flexible substrates at same growth conditions. On the basis of Raman and photoluminescence measurements, we study the crystallinity, strain, uniformity, and defects in NaCl-assisted 1L-MoS2 on these substrates. Furthermore, we did Raman and X-ray photoelectron spectroscopy (XPS) measurements to understand the role of NaCl in the growth of MoS2. We also elucidate on the intermediate compound formation using Raman measurements. The study reveals that the intermediate compounds Na2S and Na2SO4 act as effective growth promoter for CVD growth of 1L-MoS2 film/flakes.
Experimental
Here, we focus on NaCl-assisted low-temperature CVD of MoS2 on amorphous, crystalline, and layered substrates. It is worth to mention that as in our previous work 19 , initially we used Tellurium In the present work, we have chosen the same SiO2 (300 nm, thermally oxidized silicon)/Si and fused quartz for amorphous, bare Si (n-type, 001) and sapphire (c-plane, Al2O3) for crystalline, and layered mica [KAl2(Si3Al)O10(OH)2] as substrates. Growth of MoS2 on different substrates was carried out using a single zone CVD (MTI Corporation). The growth of MoS2 was achieved by mixing NaCl powder with molybdenum trioxide (MoO3) powder in one crucible placed in the middle (hottest zone) of CVD furnace at reduced temperature and atmospheric pressure. While sulfur (S) powder in another crucible was placed at a lower temperature zone at 13.5 cm away from MoO3 and NaCl mixture. No pre-growth treatment like the use of molecular sieves or seeded growth was done to avoid degrading the electrical properties of flakes 12 . Cleaning of all substrates was performed by acetone then IPA, DI water and nitrogen gas blow, and placed in face-down manner over quartz crucible. Fig. 1a and 1b represent typical schematics of single-zone CVD setup and grown MoS2 flakes on the substrate, respectively. So, we have chosen same growth parameters as in our previous work 19 viz., S to MoO3 particles ratio 301 (S = 100 mg, MoO3 = 15 mg), and NaCl = 100 mg. The CVD furnace was operated with the ramp rate of 10C per minute. To purge the tube, 480 sccm of argon (Ar) gas was introduced into the tube for 10 minutes at 300C, and after that, a continuous flow of 120 sccm was maintained during growth. Purging of tube at 300C removes existing dust, moisture, preoccupied precursors and other contaminations. At 540 ±10C and 640 ± 5C, S starts melting and vaporizing, respectively. NaCl-assisted growth of MoS2 on all substrates was achieved at 650C for 20 min, and after the growth of MoS2, the system was left for natural cooling.
Blake et al. 20 reported that color contrast of graphene from SiO2/Si could be considered as a quantitative technique for deciding the number of layers. Here Nikon Eclipse LV100 optical microscope (OM) was used to differentiate among 1L-, 2L-, and few-layer MoS2. Later on, these observations were confirmed by Raman and photoluminescence spectroscopy using LabRAM HR Evolution (Horiba Scientific) with 514 nm laser at room temperature (RT) on MoS2 flakes to detect fundamental modes (E 1 2g and A1g) 1 and their bandgaps, respectively. Surface morphology and layer thickness of NaCl-assisted as-grown MoS2 flakes were measured by atomic force microscopy (AFM) (Agilent 5600 LS). Field emission scanning electron microscopy (FESEM) was done using FESEM-Zeiss microscope in backscattering mode and by ZEISS EVO 50 in secondary electron mode. X-ray photoelectron spectroscopy (XPS) was carried out using monochromatic Al Kα Xray line (energy 1486.7 eV, probe size  1.75 mm  2.75 mm). Crystallinity, lattice structure, and high resolution transmission electron microscope (HRTEM) images were taken by JEOL/JEM-F200.
Results and discussion

NaCl-assisted growth of MoS2
NaCl plays a significant role in CVD synthesis of TMDs by reducing the growth temperature 21, 22 and forming a smooth surface over substrate 23 or simplifying the deposition of metal-oxyhalide species over the substrate by reacting with metal oxide 21 . Initially, we performed without NaClassisted (w/o-NaCl, hereafter) CVD synthesis of MoS2 on sapphire substrate at  900C that resulted in 1L-MoS2 flakes having very small-size (1 μm) few-layer MoS2 on its center ( Fig.   S1a,b ) (see supplementary information) owing to secondary nucleation sites 24 . On the other hand, NaCl-assisted (w-NaCl, hereafter) CVD of MoS2 on sapphire substrate resulted in a large area high-quality 1L-MoS2 film ( 1 cm  1 cm) and flakes ( 30-100 μm), as shown in OM image ( Fig. 2a ) and SEM image ( Fig. 2f) , respectively. Comparing Fig. 2a , with Fig. S1a,b , it is evident that using NaCl with MoO3 powder during growth process enhances the flake quality in addition to a significant reduction in growth temperature by 250C. Furthermore, we tried w/o-NaCl CVD MoS2 growth at 700C on flexible mica substrate but, few crack lines, and few-layer triangular MoS2 flakes ( 1 m) were observed ( Fig. S1c) . However, at 650C, w-NaCl CVD growth of MoS2 resulted in continuous large-area 1L-MoS2 film ( 1.5 cm  1.5 cm) ( Fig. 2b) and smallsize triangular flakes ( 10 μm) ( Fig. 2g ) with no secondary nucleation sites at the center of flakes as was seen in w/o-NaCl growth.
In 
Raman spectroscopy
The formation of 1L, 2L or multilayer MoS2 was confirmed on different substrates using optical and atomic force microscopy. However, these measurements only provide a quantitative idea.
Therefore, a qualitative understanding of MoS2 layer growth can be achieved using Raman spectroscopy study of the film/flakes as it is sensitive to the vibrational motion of atoms. Here, Raman measurements on multiple triangular flakes and continuous films of MoS2 on each substrate were performed at RT using 514 nm laser to evaluate statistically significant differences as depicted in Fig. 4a-e . MoS2 has two first-order fundamental Raman modes, E 1 2g and A1g, which corresponds to in-plane and out-of-plane vibrational motion of atoms, respectively 25 . The position of these peaks depends on strain, layer thickness, presence of impurities etc. 26, 27 .
Raman spectroscopy was utilized to enumerate substrate-induced strain in as-grown MoS2.
Therefore, as a reference 1L-MoS2 having zero strain, was transferred on TEM grid, over which measurements were done at five different locations as shown in Fig. 4a . The average values of modes are found to be E 1 2g  383.8 and A1g  403.7 cm -1 . Moreover, to understand the effect of seeding layer such as Na2S or Na2SO4 (presence of these intermediate phase formation is discussed later) on the MoS2 layer, Raman spectra were recorded on as-grown MoS2 flakes on different substrates as well as on MoS2 layer transferred to same type of substrates. Fig. 4b shows the shift of A1g and E 1 2g modes of transferred 1L-MoS2 with respect to as-grown w-NaCl 1L-MoS2. The insignificant shift in peak positions (≤ 0.3 cm -1 ) of two modes indicate that underlying Na2S/Na2SO4 layers do not introduce any structural disorder in as-grown MoS2. Fig. 4c represents Raman spectra of 1L-MoS2 on SiO2/Si, sapphire, quartz and mica substrates and of few-layer MoS2 on bare Si in the presence of NaCl. The intensity ratio of A1g and E 1 2g modes (i.e. A1g/E 1 2g) were calculated for all the samples and shown in Fig. S2 (see supplementary) . The greater value of A1g/E 1 2g ratio in case of sapphire and mica suggest the highly crystalline nature of 1L-MoS2. It is evident from the graph that MoS2/Si shows poor A1g/E 1 2g ratio and higher Raman shift between
A1g and E 1 2g. The observation confirms the formation of the poor crystalline and bulk MoS2 on Si.
Such poor quality of MoS2 could be attributed to the lattice mismatch of MoS2 and Si which will be discussed in detail in the following section.
Associating the Raman analysis of w-NaCl CVD 1L-MoS2 with suspended 1L-MoS2, a phonon mode stiffening was observed with blue-shift in both E 1 2g and A1g modes in each sample. Unlike
Buscema et al. 28 , we observed that both E 1 2g and A1g mode are sensitive to substrate as they have a variation of  0.5 cm -1 on different substrates [see Fig. 4d ]. E 1 2g and A1g modes for mica have highest blue-shifting while other substrates have nearly the same. This variation can be linked to the lattice mismatch between film and substrate that originates from compressive strain as in the case of tensed graphene whose G and 2D Raman peaks are red-shifted owing to tensile force 29 .
However, lesser deviation in E 1 2g and A1g peak position of 1L-MoS2 on sapphire than on other substrates show relatively high crystallinity and uniformity over a large area [ Fig. 4d] , and its smallest FWHM of A1g mode [ Fig. 4e] show the lowest structural disorder 30 .
Photoluminescence
Room temperature PL spectroscopy was carried out on 1L-MoS2 flakes and continuous films on different substrates to explore optical properties (Fig. 5) , and the obtained spectra were fitted with Voigt function 31 to analyze excitons and trions. The most intense peak corresponds to optical bandgap (neutral A exciton) while the peak at higher energy side than A relates to B exciton, generated from the splitting of valence band due to spin-orbit coupling 27, 32 . Considering the same analogy as reported by Nakano et al. 33 , hexagonal lattice of single-crystal sapphire (001) may favor epitaxial growth of MoS2 having a hexagonal structure. Although, a-axis lattice constant of sapphire is significantly larger than that of MoS2 but the 2 × 2 superlattice of sapphire and 3 × 3
superlattice of MoS2 has lattice mismatch of only 0.5 %. Furthermore, mica has a layered structure and inter-layer van Der Waals bonding, that may favour the growth of monolayer MoS2 having hexagonal structure too. Ichimiya et al. 34 reported that higher the stress, lesser would be A/B exciton ratio. So, these points clearly explain that 1L-MoS2 grown on sapphire has the highest quality PL followed by 1L-MoS2/mica, while 1L-MoS2 on SiO2/Si has the lowest (Fig. 5e) . The observation is consistent with the Raman analyses of the samples.
UV-Visible absorption
Optical transparency of sapphire, mica, and quartz gave us an advantage in conducting UV-vis absorption measurements on as-grown large area 1L-MoS2 [see Fig. 6 ]. The observed spectra exhibit two prominent A and B excitonic absorption bands. These bands are originated from valence band splitting triggered by spin-orbit coupling at K point 32 . A and B excitonic energy difference values from UV-vis of 1L-MoS2 on substrates match with respective valence band splitting values from PL [see Fig. 5 ]. This observation confirms high optical quality, fine electronic structure, and uniformity of our large area 1L-MoS2 26, 35 . Therefore, based on Raman, PL, and UVvis, we confirm the NaCl-assisted high-quality large sized/area growth of 1L-MoS2 on sapphire and mica substrates as compared to exfoliated samples reported earlier 28 .
X-ray photoelectron spectroscopy
So far, we investigated the crystallinity and optical properties of as-grown MoS2 films/flakes on different substrates. However, it is important to investigate the chemical properties of the films/flakes to know the quality of the MoS2 growth. Therefore, XPS was carried out on w-NaCl 1L-MoS2 on SiO2/Si substrate. Fig. 7a shows the survey spectrum of MoS2 and Fig. 7b shows the binding energy (BE) of C 1s peak, considered at 284.8 eV for the calibration purpose. The BE of core level orbitals of Mo 4+ [Fig. 7c] , 3d5/2 and 3d3/2 are centered at 230.0 and 233.1 eV, respectively with FWHM of 1.7 eV which are consistent with the previous reports 36 . The Mo 4+ 3d5/2 has low intense absorption shoulder positioned at 227.3 eV belongs to oxidation of sulfur with -2, and lowintensity peak at 236.0 eV belongs to Mo 6+ oxidation state, possibly created from the oxidation of sample near the grain boundary and/or other defects 37 . S 2p spectrum exhibits spin-orbit doublets ( Fig. 7d) 2p3/2 and 2p1/2, centered at 162.9 and 164.2 eV, respectively having energy separation of 1.3 eV. Na 1s core-level spectra of w-NaCl MoS2 positioned at 1072.3 eV (Fig. 7e) signifies the presence of Na2S or/and Na2SO4 underneath of MoS2 flakes 38, 39 . However, when XPS was recorded on w/o-NaCl MoS2, no sign of Na 1s core-level spectra observed [see Fig. 7f ].
NaCl-asisted MoS2 growth mechanism
To understand the growth mechanism, we carried out a separate experiment on w-NaCl and w/o-NaCl growth of MoS2. First, only S and NaCl powder were taken for growth on SiO2/Si substrate at 650C. We observed [ Fig. 8a ] Raman peaks at 152, 182, and 218 cm -1 that correspond to Na2S 40
whereas peaks at 647, 980, and 1152 cm -1 referring to Na2SO4 41, 42 . Furthermore, we performed MoO3 treatment of the same sample under the same growth condition. We observed Raman peaks at 150, and 185 cm -1 [ Fig. 8b ] which belong to Na2S and peaks at 450, 627, and 927 cm -1 correspond to Na2SO4. Whereas high-intensity peaks near 400 cm -1 are E 1 2g (380 cm -1 ) and A1g
(405 cm -1 ) peaks originates from MoS2 25 .
Since Na2S and Na2SO4 compounds are water-soluble 43, 44 , we could easily transfer the layer of 1L-MoS2 on a different substrate using same process as described by Zhang et al. 45 . Fig. 8c depicts the Raman spectrum of 1L-MoS2 on sapphire transferred from the same SiO2/Si substrate as shown in Fig. 8b . High-intensity peaks near 400 cm -1 belong to 1L-MoS2 (E 1 2g 386 cm -1 and A1g 404 cm -1 ) having the peak separation of 18 cm -1 while shoulder peak of MoS2 at 417 cm -1 belongs to sapphire substrate 46 . Here we observed no sign of Na2S and/or Na2SO4 in Raman spectra of transferred MoS2. So, we assume that Na2S and/or Na2SO4 act as a water-soluble sacrificial layer that suppresses nucleation density and enhances the domain size of MoS2 flakes via 2D planar nucleation. It was observed that alkali halides (NaCl and KCl, etc.) act alike seeding promoters similar to 3,4,9,10-perylene tetracarboxylic acid dianhydride (PTCDA), and perylene-3,4,9,10tetracarboxylic acid tetrapotassium salt (PTAS), etc. which serve well for suppressing nucleation density and enhancing 2D planar nucleation mediated growth in CVD of TMDs 18 .
Furthermore, we did Raman measurements on SiO2/Si substrate from where MoS2 was transferred and observed no sign of either MoS2 or Na2S and/or Na2SO4 (Fig. 8d) . Peaks at 520 and 955 cm -1 correspond to first and second order Si Raman peaks 47 . This indicates that Na2S and/or Na2SO4 were dissolved in DI water during the layer transfer process and they have no affiliation with MoS2 after the transfer on a different substrate.
We observed that NaCl play a significant role in CVD of 1L-MoS2 by providing a water-soluble smooth sacrificial layer of Na2S and/or Na2SO4 23, 48 . This water-soluble layer makes the transfer of 1L-MoS2 film a smooth and retains its crystallinity. To confirm the crystallinity, same suspended 1L-MoS2 on TEM grid sample that was used for Raman [ Fig. 4a ] was utilized for TEM measurements, HRTEM image, and selected area electron diffraction (SAED). Fig. 8e shows honeycomb arrangements of Mo and S atoms, and SAED pattern reveals hexagonal lattice structure of 1L-MoS2 having lattice constant d = 0.27 nm that matches with the previous report 12 .
The diffraction spots in the SAED pattern are encircled for clarity. So, we firmly believe that lowcost NaCl could act as a suitable replacement of costly catalysts and growth seeding promoters like PTCDA and PTAS for the synthesis of large-area high-quality monolayers of MoS2 in CVD process. In addition, we observed that the use of NaCl enables high-quality growth of 1L-MoS2 in most of the substrates except bare Si.
Conclusions
In conclusion, NaCl-assisted growth of uniform, highly crystalline 1L-MoS2 films and flakes were carried out on amorphous, crystalline, and layered substrates. core-level spectra observed in transferred NaCl-assisted grown MoS2.
Initially, for low-temperature growth, we did Te-assisted growth and found that 1L-MoS2 flakes were obtained along with few-layer MoS2, this leads to non-uniformity of growth [ Fig. S1(f) ]. 
